The genetical architecture of height in the cross between the wheat varieties Chinese Spring and Cappelle-Desprez is examined using crosses involving the complete set of single chromosome substitution lines of Cappelle-Desprez into Chinese Spring. Seventeen of the 2 1 chromosome pairs exhibit genetical variation with respect to this character and in addition to additive and dominance effects, epistatic effects of an additive x additive type are shown to be an important component of the variation.
INTRODUCTION
THE ability of bread wheat, Triticuin aestivum (2n = 6x = 42) to tolerate aneuploidy has led to the development of cytological techniques whereby single pairs of chromosomes can be transferred from one variety to another. Such chromosome substitution lines provide a powerful tool for the genetical analysis of the wheat crop, particularly with respect to genetical variation for loci controlling quantitative characters of agronomic interest.
Crossing procedures using such lines have been described by Law (1966 Law ( , 1968 Law ( , 1972 , Aksel (1967) and Snape, Law and Worland (1975) , which enable the detailed genetical analysis of chromosomal differences with respect to quantitative characters to be carried out. These methods, named the Triparental crosses 1 and 2, allow the individual additive, dominance and interaction effects of single chromosomes to be detected and, in the absence of non-homologous chromosome interactions (epistasis) the effects of chromosome substitutions can be unambiguously estimated and the value of new chromosomal combinations predicted. Law and Worland (1973a and b) have extended these analyses to completely specify the genetical differences between two varieties, Chinese Spring and Hope, by carrying out the complete set of Triparental 2 crosses using the complete set of Hope into Chinese Spring substitutions. From their analysis of the character's height and 250 grain weight they identified the chromosomal locations of loci showing variation with respect to these characters and using estimates of these effects they were able to predict 25 minimal limits to selection and thc frcquencics of genotypes with desirable combinations of these characters.
The present paper is concerned with extending these analyses further to examine the genetical differences with respect to height between the varieties Chinese Spring and Cappelle-Desprcz using the complete set of Cappelle-Desprez substitutions into Chinese Spring, Final plant height is a character to which considerable attention has been paid by plant breeders and the cross between these varieties is particularly interesting in this respect since previous experiments have shown that although these varieties are of comparable height, they exhibit significant positive heterosis in the F1 and F2 generations. Thus the detailed genetieal analysis using chromosome substitution lines can help to elucidate the genetical basis of this heterosis. Further the analysis of individual chromosome effects can be compared with the conventional analysis of generation means of the parental, F1, F2 and backcross generations (Mather and Jinks, 1971) where balanced summed effects of all chromosomes are considered, and the relative efficiencies of these analyses in elucidating the genetieal architecture of this character examined.
MATERIALS AND METHODS
The complete set of 21 single chromosome substitution lines of CappelleDesprez into Chinese Spring, developed by the authors at the Plant Breeding Institute, were crossed to the two parental lines and the F1 between them to produce the complete set of extended Triparental 2 crosses (Snape, Law and Worland, 1975) . Random crosses between the substitution lines were also carried out to produce a total of 39 Triparental cross 1 generations. The parental varieties and the F1 were selfed and intcrcrossed to produce the parental, F1, F5 and baekcross generations.
The results of these crossing procedures produced 129 different generations as shown in table 1. These generations were sown in plots in each of Comparisons between the means of the generations derived from the complete set of Triparental 2 crosses allow the identification of the chromosomes showing genetical variation with respect to height (Law, 1972 Turning to the estimates of the within-chromosome interactions, seven chromosomes exhibit significant effects, namely 1A, 2D, 3A, 3D, 5A, GB, 7A. All these estimates are positive, so that potence is predominantly in one direction, namely in favour of chromosomes which are acting to increase height relative to their homologues. Surprisingly however, only one of these chromosomes, that is GB, was detected as having a significant additive Probabilities:
effect. Thus, chromosome substitution lines which are not, in fact, significantly different from the recipient in height, are nevertheless exhibiting genetical variation with respect to this character. Three explanations are possible for this significant overdominance. First, " true" overdominance may be exhibited by the loei on these chromosomes, that is h > d, in the terminology of Mather and Jinks (1971) . Secondly, non-homologous chromosome interactions may be present which are acting to decrease the additive effects, and thirdly, the presence of more than one locus on each chromosome which are linked in the repulsion phase. These two latter explanations are not mutually exclusive but in the present ease they cannot he differentiated between or separated from the overdominance hypothesis without further analysis.
(ii) Between non-homologous chromosome interaction effects
From the results of the crossing procedures described above, two separate tests of between non-homologous cisrontosome interactions (or epistatie effects) are possible. The first, using the generations derived from the Triparental 2 crosses detects the summed effects of interactions of each of the chromosomes with all other chromosomes of the complement. These estimates are given in table 3, and have also been given in an earlier paper (Snape, Law and Worland, 1975) . Only two chromosomes, namely lB and 6B are detected as showing significant interactions. Of these, the former is negative and the latter positive. The overdominance exhibited by 6B may thus, in part at least, be due to epistatic effects. The extension of the Triparental 2 crossing procedure to include crosses with the F1 between the parents allows an examination of the types of interaction present in this set of crosses. These results were presented in Probabilities: * = 005-00l, ** = 001-0001, I"K' = <0001.
the earlier paper and indicated that chromosomes other than lB and 6B were involved in interactions and that these interactions were almost exclusively of an additive x additive (i) type. Furthermore, although the "net" interactions of individual chromosomes were ambi-directional, there was a predominance of negative interactions so that the epistasis is primarily of a duplicate type (Mather, 1967) . Individual interactions between pairs of non-homologous chromosomes can be detected using the generation means of the Triparental 1 crosses. The estimates derived from the 39 random cross carried out are shown in table 4.
Turning first to interactions between chromosomes within the same homoeologous group, only the cross 4A x 4D exhibits significant interaction. However, all estimates are negative, which taken together with the positive estimates of the within chromosome interactions (table 3) , indicates again a duplicate type of gene interaction (Law, 1972 It is interesting to compare the Triparental 1 and 2 tests for epistasis.
From the results here it would appear that the Triparental 2 tests are particularly affected by the balancing effects of ambi-direetional interactions and chromosomes which are showing large individual interactions are only detected as such through crosses between the respective substitution lines. These results also show that the overdominance exhibited by the substitution lines showing significant within chromosome interactions must, at least in part, be due to epistatie effects, since in all eases these chromosomes exhibit significant between chromosome interactions. Furthermore, the chromosomes showing the largest overdominance are also the chromosomes showing the largest interactions, although GB is an exception to this.
The above results demonstrate the complexity of the genetieal control of height in the cross between these two wheat varieties. Seventeen chromosomes of the complement are detected as contributing to the variation between the substitution lines, the exceptions being chromosomes 1D, 3B, 4A and 4B. The large epistatie component of the variation indicates that the estimates of the individual additive and within chromosome interaction efleets will contain epistatie components and will be, on their own, of little predictive value, The unambiguous estimation of these effects requires, therefore, a more complex genetical analysis, where the individual additive, dominance and interaction parameters can be allowed for simultaneously.
ESTIMATION OF GENETICAL EFFECTS
The parameters described by Law (1972) can be used to define the genetical effects of each chromosome. Here ci is defined as the additive difference between homologous chromosomes, Ii as the dominance and/or non-allelie interaction within a chromosome, and i,j and I as the additive x additive, additive x within chromosome interaction, and within-chromosome interaction x within-chromosome interaction parameters, respectively. These parameters are defined from a common origin in which in the present case represents the mean of all possible inbred lines derived by random reassortment of the 21 chromosome pairs. This is equivalent to the Foornetrie (Van der Veen, 1959) but excludes reeombination within chromosomes.
Models including these parameters, describing the effects of all 21 pairs of homologous chromosomes, can be fitted to the observed generation means by the method of weighted least squares. Models of increasing complexity are specified sequentially until an adequate model is obtained, and this then provides estimates of the genetical parameters describing the variation in this set of substitution lines. These can then be used to examine the genetical architecture of the character and to predict the consequences of new chromosomal combinations.
In the present experiment a total of 129 generation means are available for the fitting process. Thus, up to 128 parameters can be specified whilst still allowing degrees of freedom to test the goodness of fit of the model. If epistatic effects were absent then only 43 parameters would be needed to completely specify the variation, that is, m, 21 d's and 21 h's. But as was seen from the above tests for epistasis and also can be seen from the failure to fit this model to the observed generation means (table 5), epistasis is an important component of the genetical architecture of this character.
To completely specify all the genetical effects relating to the 21 substitution lines when epistasis is present, and ignoring tri-chromosomal and higherorder interactions requires 883 parameters, that is, m, 21 d's, 21 h's, 210 i's, 420j's and 210 i's. Obviously to completely specify art adequate model in the present case requires great simplification of these parameters. One method of simplifying the number of interaction parameters is to exploit the known genetical architecture of wheat and to fit interactions which relate to variation within and between homoeologous groups only. Law and Worland (l973a and b) used such a model on the data from the Hope into Chinese Spring substitution set. Interactions were restricted to within homoeologous groups and were set such that AB = Ar5 = 1BD, 1AB = 1AD 1BD, JAB JAD = JBD = JBA JDA = JDB. They imposed the further restraint that i = 1. This model required only 14 interaction parameters (two per homoeologous group) and the full 57 parameter model was found to give an adequate description of the variation in height in those substitution lines. Since in the present experiment between homoeologous group interactions are also present, these can be likewise completely specified in terms of only 42 further parameters.
The fit of this full model on the present data is shown in table 5. The x2 for goodness of fit is highly significant showing that this 99 parameter model is incapable of explaining the observed variation. Other models completely specifying the interaction parameters in simplified terms were also tried and none was able to account for the variation. Thus, either the assumption of equality of interactions is wrong or higher order interactions are present. The data in table 3 would suggest that the former is the case. It would appear, therefore, that it is necessary to specify individual interactions if an adequate model is to be found. It is possible to simplify the requirements of the model somewhat since the extended Triparental 2 analysis shows the interactions to be primarily of the i type. However, even here, there are 210 possible i type parameters which can be specified and there are a large number of permutations of these that can take up the degrees of freedom available and the limitation of 85 parameters may not be sufficient to obtain a fit.
Nevertheless, a number of models containing different combinations were fitted to the observed generation means and the addition of individual interaction parameters greatly improved the fit over the 43 parameter model. Although no model was found which adequately explained the observed variation a model containing 29 i's and 3 i's was found to give the smallest x2 for goodness of fit (table 5) . This model accounts for 83 per cent of the genotypes sum of squares so although not adequate, is sufficient to allow meaningful conclusions to be drawn. The estimates of the parameters obtained are shown in table 6 and reinforce the conclusions about the genetical architecture of height obtained from the earlier analyses. Here the sign in front of the d estimates indicates whether the increasing chromosome is carried by the taller parent Chinese Spring (+) or by Cappelle-Desprez (-). It is evident that there is almost complete dispersion of the increasing chromosomes between the parents and that dominance is in the direction of increasing height. Of the chromosomes exhibiting significant overdominance on the Triparental 2 tests only 7A now does so, so that allowing for epistasis has removed the overdominance of the other chronsosomnes. Furthermore, 7A shows significant interactions with other chromosomes of the complement so it is likely that its overdominance would be removed by the inclusion of appropriate interaction parameters.
Finally, the significant estimates of the interactions are ambi-directional but overall there is a predominance of negative estimates which oppose the direction of dominance, indicating a duplicate type of gene interaction.
CONVENTIONAL ANALYSIS
The family means of the parental, F1, F2 and backcross generations are shown in table 7 and indicate that significant heterosis is exhibited in the F1, F2 and backcross generations. (1) = -7•13
Probabilities: * = 005-001, *** = <0001.
The genetical architecture of height in these crosses can be examined using the generation means analyses described by Mather and Jinks (1971) . The between plot variances for the parental and F1 generations are homogeneous indicating that genotype-environment interactions are not an important component of the variation. However, the result of the C scaling test is 4.65 O92 showing that epistasis is present. This is further illustrated by the failure of an m, (d) and (h) model to account for the observed variation between family means on a joint scaling test: Model 1, table 7. Models containing different combinations of epistatic parameters were fitted to these data and by allowing for (i) type interactions alone a satisfactory fit is obtained: Model 2, table 7.
The estimates of these parameters allow the genetical architecture of height to be examined. The value of (h) is positive indicating potence for increased height. Further, the heterosis exhibited is mirrored by (h) > (d).
Whether this is due to true overdominance cannot be elucidated from studying the means of these crosses although, as was shown earlier, overdominance for individual chromosomes does not occur when epistasis and 38/1-c gene dispersion are allowed for. Finally, the value of (i) is negative and this again suggests a duplicate type of gene interaction.
It is interesting to compare the balanced sum of the individual additive, dominance and interaction effects, estimated from the whole chromosome analysis, with the balanced effects on the conventional model here.
These are obtained by summing the appropriate effects and, in the case of (d) and (i), allowing for the dispersion of the increasing chromosomes between the parents. These estimates are shown in table 7. As can he seen, these values are similar to those obtained on the straight in, Cd) and (h) model and indicate that the effects of epistasis have not been allowed for sufficiently in the chromosome model. These epistatie effects will be included in the estimate of in, and since they are expected to be predominantly negative, have deflated its estimate. This has also consequently deflated the estimate of (i) and inflated the estimate of (h) due to the correlation of these effects with in, although (d) is relatively unaffected since it is virtually independent of in in its estimation.
DiscussioN
The details of the genetieal architecture of height revealed by the whole chromosome analysis on the one hand and the conventional analysis on the other are very similar. In particular, both show that epistatic effects of an additive x additive type are an important component of the genetical control in this cross and that these act to oppose the additive effects. This type of genetical architecture for height was also found by Law and Worland (1973a and b) and, in durum wheat, by Amaya, Busch and Lebsoek C1972), although other workers have found complementary interactions to be present (Chapman and McNeal, 1971) , and also no epistasis (Bhatt, 1972) in other crosses. In all cases, however, dominance was towards loci increasing height.
The whole chromosome analysis reveals a much greater complexity in the genetical control than the conventional analysis, however. It reveals that the heterosis exhibited can be explained by the dispersion of increasing chromosomes between the parents with directional dominance combined with the interactions which decrease the homozygous effects but do not affect the heterozygous effects of individual chromosomes. This analysis also reveals that although both " net" dominance and " net" interaction are strongly directional, there are, nevertheless, ambi-direetional effects at the individual chromosome level.
The large epistatie component will have important consequences for selection for this character since additive x additive interaction can be fixed in inbred lines which can be derived from this cross. These will act to reduce the amount of variation exhibited in the segregating generations and will thereby limit advances under selection.
Although the genetical architecture of height in the Hope into Chinese Spring substitution lines, described by Law and Worland (1973a and Ii) , shows many similarities to the present analysis, the distribution of the genetieal variation between chromosomes was somewhat different. First, most of the genetieal variation with respect to height in the Hope set was carried by chromosomes of homoeologous groups 1, 5 and 6. In the CappelleDesprez substitution lines large effects are again associated with groups 5 and 6 but these chromosomes, apart from 6B, contribute mainly to the epistatic effects. Additive and dominance effects are mainly associated with chromosomes of homoeologous groups 3 and 4. Secondly between chromosome interactions appeared to be restricted to within homoeologous groups only in the Hope set, whereas here between homoeologous group interactions also contribute to the variation to a significant extent.
The inability to find a whole chromosome model which fits the observed data makes it difficult to make definitive predictions about the consequences of new chromosomal combinations. However, tentative predictions can be made on the basis of the best fitting model.
The dispersion of the increasing chromosomes between the parents will result in transgressiv segregation in the F2 and subsequent generations. Using computer simulation techniques (Fraser and Burnell, 1970) it can be shown that individuals taller than 135 cm (+ 25 per cent heterosis) and shorter than 80 cm (-25 per cent heterosis) would be expected at frequencies of 14 and 4 per 100 individuals in the F2 respectively in this experiment. In fact, the observed frequencies of individuals whose phenotypes were taller and shorter than these values was 37 and 6, respectively, out of the population of 607 F2's measured. These observed estimates are smaller than the expected but nevertheless demonstrate that 25 per cent heterosis could have been predicted in the F2. However, it can also be predicted that the genotypes of the extreme inbred lines which could be derived from this cross will be 130 cm and 50 cm. Thus the presence of duplicate interactions of an additive x additive type will reduce the limit to selection for increased height which may be below the expectations of the best F2's; although 50 per cent negative heterosis could be obtained. Since large effects are associated with individual chromosomes it should be possible to increase the efficiency of selection for height in this cross by fixing certain chromosomes in the early generations. This could be achieved using crosses between the substitution lines, and between the substitution lines and Cappelle-Desprez. For example, if increased height was desired then the cross between the substitution line CS (Cappelle-Desprez 4D) and Cappelle-Desprez would fix this chromosome, which has a large positive effect on height, immediately. Similarly, if short straw was desired then the cross between substitution lines 2B and 6B would be expected to produce short segregants at a high frequency.
A final consideration of prediction concerns linkage. If linkage is an important component of the genetical architecture then the predictions as to the limits of selection must be regarded as minimal ones since they are based on estimates where the unit of inheritance is the chromosome. Thus if some chromosomes carry loci linked in the repulsion phase then greater advance may be realised by the exploitation of recombination between them.
Finally, the above results demonstrate the power of using chromosome substitution lines in elucidating the genetical architecture of quantitative characters of agronomic interest. The genetic nature of the heterosis for height in this cross has been established and has ruled out overdominance as a possible cause. This agrees with other in-depth analyses of the genetic nature of heterosis for height and other characters in Jcicotiana (Jinks and Perkins, 1972; Jayasekara and Jinks, 1976) . Although such studies have yet to be carried out for yield in wheat or other cereals, the authors see no reason to suppose that heterosis for this character will not have a similar genetic hasis to that of height. The study of inter-varietal chromosome substitutions in wheat is well placed to establish this beyond doubt.
